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and forklifts for materials handling markets. 2 The polymer electrolyte fuel cell (PEFC) fueled by hydrogen is particularly attractive for applications with variable load profile and intermittent operation and is therefore considered as a power source for automotive drivetrains. Fuel cell electric vehicles are on the market today, yet production is limited to around 1000 units per year. For wide-scale commercialization, cost must be reduced significantly without compromising power density, efficiency, reliability and durability.
Current Status
One of the critical components of the PEFC in terms of performance and durability is the proton exchange membrane (PEM) used as polymer electrolyte. The state-of-the-art PEFCs utilize perfluoroalkylsulfonic acid (PFSA) membranes, e.g., Nafion, Flemion, Aquivion, etc. For automotive applications, membranes have a typical thickness below 20 μm to minimize ohmic losses. To be commercially viable, the membrane must survive 12 years in a vehicle and 8000 h of operation including transient operation with start/stop and freeze/thaw cycles. 3 Significant advances have been made over the past decade in the understanding and improvement of PFSA membrane durability. The membranes used today are end-group stabilized, mechanically reinforced, e.g., using a porous expanded polytetrafluoroethylene (ePTFE) support, and doped with antioxidants, such as cerium or manganese based additives, to improve the mechanical and chemical robustness of the material.
Hydrocarbon-based PEMs are the most diverse class of materials studied for fuel cell application. 4 Typical hydrocarbon ionomers are thermally stable polymers that contain aromatic units in the main chain, which may be linked by a variety of functional groups (Figure 1a ). They are of high interest because of their expected lower cost, intrinsically lower gas (H 2 , O 2 , N 2 ) permeability, and higher glass transition temperatures compared to PFSA membranes. 5 The lower reactant permeability in particular is extremely attractive: on the one hand, it enables higher fuel efficiency and can enable use of yet thinner membranes, which in turn leads to cost reduction and increased power density. On the other hand, the lower gas permeability leads to a lower radical formation rate through reaction of H 2 and O 2 on the catalyst surface. It has to be mentioned that the desire for low * Electrochemical Society Member.
z E-mail: lorenz.gubler@psi.ch; craig.gittleman@gm.com gas permeability does not apply to the ionomer in the catalyst layer, as high gas permeability is required here. The versatile chemistry of these materials provides design flexibility and offers the prospect of tailoring membrane chemistry and architecture to specific requirements. The challenge of low ionic conductivity of hydrocarbon membranes, in particular at relative humidities below 50%, can be successfully addressed to close the gap to the conductivity of PFSA membranes by a dedicated design of the polymer architecture, i.e., using multiblock copolymers. 6 One of the main shortcomings of this membrane class, however, is its intrinsic susceptibility to radical induced chain degradation and the gradual embrittlement of the membrane, which is related to the chemical changes of the polymer. 7 In this perspective article, we discuss approaches and prospects for mitigating chemical and mechanical degradation of hydrocarbon-and non-perfluorinatedbased PEMs, considering the specific mechanisms at play in this class of ionomer materials.
Future Needs and Prospects
Chemical Stability.-Under the operating conditions of a PEFC, the radical species HO
• , H • and HOO • form as a result of the presence of H 2 , O 2 and the noble metal catalyst. 8 The hydroxyl radical (HO • ) is particularly harmful and represents the major source of oxidative degradation in the PEFC. Although PFSA ionomers display excellent chemical stability, they are not immune to degradation. HO
• attacks weak points of the PFSA chain, which leads to chain unzipping and mid-point chain scission. 9 This process is relatively slow and the half-life of HO
• in a water-swollen PFSA ionomer is on the order of microseconds, which makes it possible for suitable radical scavengers, such as Ce 3+ and Mn 2+ , to quench HO • with a high yield (99% for a cerium-ion concentration of 0.1 M) and thus mitigate radical attack on the PFSA ionomer. 10 A key feature of these metal ions is that, once oxidized, they can be reduced again by H 2 O 2 present in the MEA, thus establishing a catalytic radical scavenging scheme, whereby the scavenger is constantly regenerated.
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The situation is rather different in the case of a hydrocarbon-based ionomer. The rate constant for the reaction of HO
• with aromatic units is on the order of 10 9 to 10 10 M −1 s −1 . 12 In a coiled, waterswollen polymer, it may be an order of magnitude lower. 13 Considering the high concentration of aromatic units of around 1 M, this leads to a half-life of HO
• in the range of nanoseconds. Given that the rate constant for the reaction of HO
• with Ce 3+ , the most effective scavenger known in the fuel cell literature, is 3 · 10 8 M −1 s −1 (at room temperature), 12 and the Ce 3+ concentration is unlikely to be higher than 0.1 M, the associated half-life of HO
• of ∼20 ns is by far not low enough to scavenge significant fractions of HO
• , say 80% or more, which would provide a >5 x lifetime extension. Therefore, other antioxidant strategies need to be devised.
One approach is again based on the use of a radical scavenger. Yet to scavenge 80% of HO
• or more, the rate constant needs to be much higher, i.e. in the range of 10 10 M −1 s −1 if we assume a scavenger concentration of 0.1 M. Such high rates can only be provided by aromatic type antioxidants, such as phenol or derivatives thereof.
14 Still, scavenging >80% of HO • is challenging. In addition, and this is probably the more difficult task, the scavenger should be amenable to regeneration. However, there is no such example at the moment, as the thermodynamics and kinetics of regeneration by H 2 O 2 are unfavorable. 7 Phenol type antioxidants are depleted over time as they themselves undergo oxidative aging. Furthermore, antioxidant functionalities need to be immobilized within the ionomer structure to avoid leaching out over time.
Therefore, we probably cannot prevent hydrocarbon-based PEMs from being attacked by HO
• . The question then is, what types of intermediate are formed upon radical attack and what are associated follow-up reactions? HO
• reacts with an aromatic hydrocarbon substrate primarily by addition to the ring, forming an OH-adduct ( Figure 1b) . 15 At low pH, acid catalyzed water elimination may take place, which yields the radical cation. The intermediates may trigger chain scission reactions. The exact mechanism and kinetics depend on the chain chemistry, the nature of the linking groups X and other substituents (electron donating or withdrawing), and the steric configuration. In any case, HO
• attack on hydrocarbon polymers triggers chain oxidation, which may also lead to cross-linking reactions and altered crystallization properties. 16 Even though those latter mechanisms do not necessarily cause chain breakdown, the irreversible aging of the polymer causes a deterioration of the chemical and mechanical integrity of the membrane, which ultimately leads to failure of the component and cell.
Some intermediates may be sufficiently long lived such that ionomer repair reactions may be conceivable. A possible repair reaction could be the reaction of an intermediate with H 2 O 2 . 7 The challenge here would be to stabilize intermediates for sufficient time (milliseconds range) to allow the reaction with H 2 O 2 to take place. The properties of the intermediate, such as redox potential and reactivity, may be tuned through the substituent pattern of the aromatic ring. Also, clustering in the polymer coil and steric hindrance effects increase lifetime. Unfortunately, however, reactions involving H 2 O 2 are generally rather slow and the concentration of H 2 O 2 in the membrane is usually below 1 mM.
In a further approach damage transfer from the polymer to a mediator may be envisioned. A compound of suitable chemistry and redox potential, which could be incorporated into the ionomer at much higher concentration than H 2 O 2 , say, 0.1 M, would mediate the repair and regeneration reactions. Compared to the direct repair by H 2 O 2 , the requirement for the minimum rate constant of the reaction of the mediator with the polymer intermediate would by considerably relaxed. The mediator itself would then need to be repaired. Obviously, for this to work, the chemistry of the polymer and the mediator needs to be adequately adjusted and side-reactions, e.g., the reaction of the mediator with HO
• , minimized. Redox potentials of the polymer and mediator have to be carefully tuned, and the reaction kinetics have to be fast enough to maximize the yield of the damage transfer reaction. Furthermore, additives incorporated into the membrane merely by doping may move and be leached out over time. 17 Tethering of the functional motifs to the polymer chain or an inorganic filler may be a promising approach for immobilization.
Mechanical durability.-Mechanical degradation of PEMs caused by humidity cycling in an operating fuel cell is a well-documented failure mode. Mechanical membrane lifetime is generally evaluated by humidity cycling tests, where gas feeds are cycled between dry and supersaturated air or N 2 at elevated temperatures. 18, 19 The failure is driven by fatigue caused by repeated transitions between wet and dry conditions, where compressive stresses build as the membrane swells in a constrained cell, followed by tensile stresses generated during membrane drying. The magnitude of these stresses depends on many factors including (1) membrane hygral expansion, (2) membrane modulus at different humidity conditions, (3) rates of wetting and drying, (4) magnitude of the humidity swing and (5) duration spent and wet and dry conditions.
There are several attributes of hydrocarbon membranes that tend to make them susceptible to greater stresses during humidity cycling than PFSA membranes. In general, hydrocarbon membranes such as sulfonated polyarylenes with ketone or sulfone linkers tend to adsorb more water than PFSA membranes with comparable IECs. 20 Also, hydrocarbon PEMs tend to be significantly stiffer than PFSA membranes. 21, 22 While this is often touted as an advantage in the literature as stiffer membranes swell less when humidified, a higher modulus, particularly at dry conditions when tensile stresses are generated, actually leads to greater stresses during humidity cycling and, thus, shorter life. There have been several studies of the stress profiles generated during humidity cycling of PFSA membranes using various types of viscoelastic and viscoplastic models. [23] [24] [25] [26] [27] [28] [29] [30] However, there have been few studies on the stress profiles of hydrocarbon membranes during humidity cycling. Wright et al. developed a non-linear viscoelastic-viscoplastic stress model for a sulfonated perfluorocyclobutane (sPFCB) membrane blended with polyvinylidene difluoride (PVDF). 31 Finlay et al. used a linear viscoelastic stress model 26 to create stress profiles during humidity cycling (Figure 2) , which showed that the tensile stress generated during the dry part of the cycles is more than 3 times greater for the sPFCB than for several commercial PFSA membranes. 32 The higher stresses experienced by hydrocarbon membranes can be partially mitigated by effective polymer structure design. exhibit advantageous anisotropic swelling. McGrath and Baird have shown that certain polyarylene multi-block copolymer PEMs swell preferably in the thickness direction, whereas random copolymers swell isotropically. 33 Such lower in-plane swelling reduces stresses caused by RH cycling. In general, the block copolymers also tend to adsorb less water than random copolymers. 4, 6 Gross et al. showed that sulfonated poly(arylene ether) block copolymers exhibited 10-100 times longer lifetime in RH cycling tests than random copolymers, with triblock copolymers with short range order (tens of nm) having longer lifetimes than those with long range order (hundreds of nm). 4 Ishikawa et al. have shown that the nature of the hydrophilic block in semi-block copolymers can significantly impact the mechanical membrane durability. 34 In their study a sulfonated poly(phenylene) (SPP) membrane had a 5-fold longer life in the US Department of Energy wet-dry cycling test compared to a sulfonated poly(arylene ether ketone) membrane. This was attributed to 2-fold higher stiffness due to the rigid structure of the SPP, leading to 50% lower swelling. Such high stiffness does, however, lead to greater tensile stresses during membrane drying. Thus, approaches to tailor polymer structure alone do not enable sufficient mechanical durability for automotive applications. In all of these studies, the homogeneous polyarylene membranes started leaking at or before the 20,000 RH cycle target, which is much earlier than state-of-the-art PFSA membranes. 35 In addition to the stresses generated during humidity cycling, mechanical membrane durability also strongly depends on membrane strength. Historically, one challenge of hydrocarbon membranes is their brittleness, especially in the dry state, 36, 37 relative to the highly elastic PFSA membranes which have a highly flexible, yet tough PTFE backbone. Nearly all available hydrocarbon PEMs contain aromatic backbones which lead to their inherent stiffness and low fracture energies. Such brittleness can be alleviated by blending or copolymerizing with elastomers such as PVDF [38] [39] [40] cross-linking [41] [42] [43] or increasing the ionomer molecular weight. 44 Effective approaches for mitigating mechanical membrane damage in PFSA membranes have been applied to hydrocarbons; including the development of composite membranes which contain non-conductive species which serve to both reduce membrane swelling and increase fracture resistance. One common approach is incorporation of a porous polymer reinforcing layer, such as ePTFE or stiffer polymers. [45] [46] [47] Zou et al. showed that ePTFE-supported sPFCB membranes ran for over 3000 h in an accelerated durability test before ultimately failing due to chemical rather than mechanical degradation. 48 To date, most of these approaches as applied to hydrocarbon PEMs have not been proven in RH cycling tests. There have been attempts to reinforce hydrocarbon membranes with conductive materials to avoid the performance penalty induced by adding non-conductive materials. For example, Oh et al. were able to double the lifetime in wet-dry cycling tests without compromising performance by adding 0.3 wt% functionalized 2D boron nitride nanoflakes to sPEEK membranes, yet still only achieved 1000 RH cycles. 49 In order to enable mechanical durability of hydrocarbon membranes, a combination of approaches including tailored block copolymer structures and composite membrane designs is required.
Conclusions
The shortcomings related to the mechanical durability of hydrocarbon membranes should be addressed using approaches that both reduce the membrane stress during humidity cycling and increase the strength at dry conditions, for instance by minimizing in-plane swelling via clever multi-block copolymer architectures and lowering membrane stiffness by blending or copolymerizing with elastomeric polymers. The most effective approach is to simultaneously reduce inplane swelling and increase strength by using a relatively stiff porous polymer support. Tackling radical induced degradation will require a dedicated antioxidant strategy, which will likely focus on repairing intermediates formed upon radical attack, because quenching of radicals by scavenging is too slow. Also, the protection mechanism needs to be self-sustaining over thousands of operating hours. Moreover, mitigation mechanisms for chemical and mechanical degradation should be mutually compatible. The prospect of membranes with up to ten times reduced gas crossover justifies the concerted development effort required for hydrocarbon membranes to become suitable alternatives to perfluorinated fuel cell membranes. 
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